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THE  DRAG  OF  PROJECTILES  WITH  TRUNCATED  CONE  HEADSHAPES 


ABSTRACT 

\ 

A  series  of  projectiles  with  truncated  conical  headshapes 
l^VincLuded  cone  angle)  were  fired  in  the  Aerodynamics  Range  and 
their  drag  was  determined  from  time  measurements  and  spark  photographic 
records  of  distance.  The  drag  was  found  to  increase  linearly  with 
m^plat  diameters  except  for  small  m^plats.  A  comparison  was  made  with 
pointed  cone  head  projectiles  of  the  same  head  lengths  as  the  truncated 
series,  the  drags  of^the  pointed  projectiles  being  estimated  from  the 
measured  drag  of  the  s2k°  1S-3  complete  cone  projectile.  The  drag  of  the 
truncated  cone  projectiles  is  lower  throughout  at  Mach  number  1,65  and 
for  meplat  diameters  to  0.1*  calibers  at  M  2*35* 
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RESTRICT  ED 

SECURITY  INFORMATION 


DEFINITION  OF  SYMBOLS 


Symbol 
(  )n 

(  )W 


a 


Definition 

n  *»  0,  1,  2,  3,  U:  (  )  in  region  n,  as 

defined  by  sketch  in  Figure  10. 

Quantity  measured  on  extension  of  cylindrical 
body  at  point  halfway  from  base  to  neck  of  wake. 

Area  of  meplat  (note:  a  also  designates  one 
of  the  constants  in  the  drag  function). 

Cross-sectional  area  (normal  to  projectile 
axis) . 


A 


a,b 


Cross  section  area  of  projectile  body 

(  ■  n/k  d2). 

Constants  appearing  in^rag  function  (note:  a 
also  denotes  area  of  meplat). 


a,p 

d 


Constants  in  the  linear  portion  of  the  drag  vs 
meplat  area  function. 

Diameter  of  projectile  (bourrelet). 


D  Drag. 

6  Angle  of  yaw. 


S2 


Mean  squared  yaw  over  length  of  trajectory 
observed . 


Shock  wave  angle  at  surface  measured  from 
downstream  surface. 

Ratio  of  specific  heats  (  *  1.1*0  herein). 


h 


Head  length. 


K 


Maccoll  constant. 


K, 


Ballistic  drag  coefficient  *  - * — * 

p  d^  v 


So 


Kp  at  zero  yaw. 


Head  drag  coefficient. 


h 


Definition 


Symbol 

*DF 

^DB 

KDM 

% 

*v 

M 

M 

P 

Po 

Pc 

Pc 

p? 

PM 

Pft 

PR 

Q 

r 

R 

P 


Skin  friction  drag  coefficient. 

Base  drag  coefficient  (may  include  K^j,). 
KoatF 

Kjj0  of  type  1. 

law  drag  coefficient  determined  by  regression 
formula. 

Mach  number. 

Mean  M  for  a  group  of  observations. 

Static  pressure. 

Static  pressure  in  free  stream  (region  0, 
Figure  10). 

Pressure  on  surface  of  pointed  oone  headshape. 

Pressure  on  conical  surface  of  truncated 
cone  headshape. 

Average  value  of  p  over  conical  part  of 
headshape. 

Pressure  on  meplat. 

Average  pressure  over  meplat. 

Rayleigh  stagnation  pressure 

Symbol  representing  Nl1  * So 
Radial  distance  out  from  projectile  axis. 
Radius  of  meplat. 

Density  of  air. 

Mach  wave  angle  at  surface. 

Angle  of  surface  with  respect  to  entering  flow 
direction. 
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DEFINITION  OF  SYMBOLS  (CONT'D) 


Dcf inition 

Shock  wave  angle  at  surface  measured  from 
upstream  flow  direction. 

Velocity  of  projectile. 

Distance  along  axis  from  nose. 


6 


Introduction 


The  majority  of  artillery  projectiles  are  terminated  with  a  blunt 
point,  since  requirements  of  fuzing  and  loading  preclude  a  truly  sharp 
pointed  headshape.  On  the  other  hand,  it  is  natural  to  suppose  that  a 
sharp  pointed  headshape  of  the  same  length  would  result  in  lower  drag, 
a  prime  requirement  for  nearly  all  projectiles.  For  example,  the  optimum 
headshape  derived  by  von  Karman  is  essentially  sharp  pointed  (ref.  1). 
However,  relatively  few  systematic  experimental  measurements  have  been 
made,  and,  although  some  data  were  available  when  the  program  was  planned, 
(see  ref.  2),  it  was  thoughtworthwhile  to  study  the  effect  of  a  systema¬ 
tic  blunting  of  the  headshape  on  the  drag  of  a  projectile*,. 

The  family  of  headshapes  chosen  were  Variants  from  a  cone,  since 
the  theoretical  solution  for  supersonic  flbw  over  a  cone  is  well  known 
and  would  assist  in  analyzing  the  results  (see  refs.  2,  1*,  and  5).  The 
"blunting*  was  produced  by  truncating  the  cone.  The  specific  purpose 
of  this  program,  was  therefore,  to  determine  the  effect  of  truncating 
the  cone  of  a  conical  headed  projectile  on  the  drag  of  the  projectile  at 
supersonic  velocities. 

Since  the  war,  a  report  has  been  received  giving  similar  measure¬ 
ments  made  during  the  war  at  the  supersonic  wind  tunnel  in  Gottingen, 
Germany  (see  ref.  ll*).  Recently,  the  Ames  Laboratory  of  the  NAQL  has 
also  studied  the  drag  of  blunt  headshapes**.  These  two  sources  of  data 
were  not  available  until  the  present  report  was  nearly  completed  but 
brief  references  will  be  made  to  them  during  the  analysis  of  the  re¬ 
sults.  It  is  interesting  to  note  that  all  three  independent  investiga¬ 
tions  lead  to  essentially  the  same  conclusions. 


*This  program  was  initially  formulated  by  Dr.  R„  N.  Thomas,  now  at  the 
University  of  Utah,  However,  he  was  called  into  service  in  the  Navy 
before  the  program  could  be  completed. 

**Reported  at  a  conference  on  aerodynamic  design  problems  of  super¬ 
sonic  guided  missiles  held  at  the  Ames  Aeronautical  Laboratory, 

Oct  2-3,  1951. 
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Experimental  Procedure 

Five  projectile  shapes  were  used,  in  this  program.  The  ba3ic  shape 
consisted  of  a  short  cylindrical  body  with  a  driving  band  at  the  extreme 
rear,  and  a  conical  head  of  2l*°  12*  total  angle.  The  other  four  shapes 
were  variations  of  the  basic  shape  made  by  truncating  the  cone  with  a 
cut  perpendicular  to  the  axis,  the  cuts  for  successive  models  being  made 
at  a  series  of  successively  greater  distances  back  from  the  tip.  The 
flat  left  at  the  front  of  the  head  after  truncation  is  known  as  the 
meplat,  a  term  taken  from  the  French  ballistic  nomenclature.  The  meplat 
diameter  thus  increases  in  steps  with  successive  models  of  the  series 
from  zero  for  the  complete  cone  head  model  to  0.61*2  calibers  for  the 
most  deeply  truncated  model.  The  completely  conical  projectile  will  be 
referred  to  as  type  1;  the  others,  in  order  of  increasing  meplat  size, 
as  types  2,  3*  l*f  and  5*  Sketches  of  their  shapes  are  shown  in  Figure  1. 

The  nominal  body  diameter  of  all  projectiles  was  20mm.  All  pro¬ 
jectiles  were  turned  from  solid  bronze  bar  stock.  Their  surface  rough¬ 
ness  was  not  measured,  but,  speaking  qualitatively,  thev  were  made  with 
a  smooth,  lathe  turned  finish.  The  quality  of  manufacture  was  good  in 
that  variations  in  the  cone  angle  and  body  diameter  were  very  small  but 
the  quality  was  only  fair  in  that  variations  in  lengths  were  appreciable. 
In  particular,  the  meplat  diameters  varied  from  one  projectile  to  another 
within  a  group  of  the  same  model,  and  it  proved  necessary  to  estimate  the 
effect  of  small  changes  of  the  meplat  diameter  on  the  drag  in  the  analysis 
of  results. 

The  firings  were  carried  out  in  the  Aerodynamics  Range  of  the 
Ballistic  Research  Laboratories.  A  standard  20mm  AN-M2  gun  tube  having 
a  twist  of  one  turn  in  twenty-five  calibers  was  used.  It  is  estimated 
that  all  projectiles  had  a  stability  factor  greater  than  three.  Groups 
of  from  two  to  four  projectiles  of  each  type  were  fired  at  Mach  numbers 
clustering  about  1.7,  2.0  and  2.1*.  The  arrangement  of  spark  stations 
consisted  of  the  first  group  of  four  stations  and  master  timing  stations 
at  70',  11*0',  ll*5<,  210',  and  280* . 

Reduction  of  Data 


For  finding  the  drag  coefficient  K^,  seven  spark  stations  spaced 

at  0,  15,  70,  ll*0,  11*5,  210,  and  280  feet  were  used.  Measurements  of 
distance  from  the  spark  photographs  together  with  measurements  of  the 
time  from  the  cycle-counter  chronograph  gave  a  space-time  record  of  the 
trajectory.  The  data  were  reduced  in  the  ordinary  manner  (see  ref.  6). 
Time  was  considered  to  be  represented  by  a  power  series  in  distance  with 
the  series  terminated  at  the  cubic  term.  The  coefficients  of  the  series 
were  found  by  a  least  squares  fit  to  the  measurements  of  time  and  dis¬ 
tance,  and  the  velocity  and  retardation  wer^  cx»puted  from  these  coeffi¬ 
cients. 
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The  drag  coefficient  obtained  in  this  way  is  a  function  of  the 
Mach  number,  the  yaw,  and  the  external  shape  of  the  projectile.  All 
three  parameters  vary  to  some  extent  even  within  a  given  group  of  pro¬ 
jectiles.,  The  purpose  of  the  reduction  of  data  is  to  determine  the  drag 
coefficient  of  an  ideal  projectile  representative  of  a  given  group 
having  exactly  the  specified  shape  and  flying  at  the  specified  Mach 
number  and  without  yaw.  Consequently,  the  drag  coefficient  of  each 
round  must  be  corrected  for  variations  from  the  specified  values  of 
shape,  Mach  number,  and  yaw.  The  rounds  are  handled  group  by  group  and 
the  corrections  are  made  one  after  the  other  in  the  order  indicated,, 

The  only  deviations  in  shape  from  one  model  to  the  next  (of  each 
type)  thr.t  were  large  enough  to  affect  the  drag  coefficient  appreciably 
were  in  the  meplat  diameter  <>  As  mentioned  previously,  meplat  diameters 
were  not  held  closely  during  manufacture,  especially  for  the  larger  *4- 
platso  Since  the  mq5lat  diameter  was  *he  independent  variable  in  much 
of  the  analysis,  it  was  desirable  to  ma*e  a  differential  correction  to 
the  drag  to  account  for  this  variation  insofar  as  possible.  From  pre¬ 
liminary  plots  of  Kp  vs,  meplat  diameter  squared  at  constant  Mach  number, 

a  linear  differential  correction  was  estimated  and  usei  to  adjust  the 
results  to  the  mean  of  the  meplat  diameter  squared  for  each  type.  This 
adjusted  was  the  starting  point  for  the  remainder  of  the  analysis. 

Table  I  shows,  as  a  function  of  Mach  number  and  type,  the  correction 
factors  that  were  used. 


The  correction  for  velocity  was  carried  oat  by  considering  to 

change  linearly  with  M  within  the  small  velocity  scatter  of  a  particular 
group.  The  rate  of  change  of  with  M  for  this  group  was  estimated  by 

considering  the  mean  values  of  of  separate  groups  at  widely  spaced 

Mach  numbers,  and  all  of  the  K^'s  for  the  rounds  of  a  particular  group 

were  then  brought  to  the  mean  Mach  number  using  the  following  linear 
corrections 

“  b  +  (ar)  "  M)  (1) 


where  M  *  mean  Mach  number  of  the  group 
"DM  “  *D  at  * 


dKD 

Tjjjp  ■  rate  of  change  of  with  M  at  fa. 


Since  the  quantity  (M  -  M)  is  small  within  each  group,  the  estimate  of 
dKjy'dM  can  be  in  error  appreciably  without  affecting  the  results. 
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The  measured  drag  is  known  to  increase  with  the  mean  square  yaw 
averaged  over  the  entire  measured  trajectory,  and  a  yaw-drag  coeffi¬ 
cient  is  determined  by  fitting  a  straight  line  to  the  measurements  of 
Kp  and  the  average  mean  square  yaw  from  the  various  rounds  cf  a  group* 

Normally,  the  full  complement  of  spark  stations  is  used,  a  complete 
analysis  of  the  yawing  motion  of  thegpro jectile  is  made,  and  the  mean 
squared  yaw  over  the  entire  range,  75  ,  is  evaluated  (far  a  brief  des¬ 
cription  of  the  customary*  method  of  reducing  the  yawing  motion,  see 
ref*  7).  The  yaw-drag  coefficient  is  then  determined  fro*  a  group  of 
rounds  at  the  same  Mach  number.  In  this  program,  a  skeleton  range 
set-up  was  used  since  only  the  drag  was  to  be  measured.  The  average 

2 

mean  square  yaw  over  the  first  15'  of  the  trajectory,  "5^,  was  measured 

fro*  the  records  of  the  first  four  stations.  Now,  will  be  greater 

than  3^,  since  the  amplitude  of  the  yaw  oscillation  danps  during  flight. 

However,  if  the  damping  rate  is  constant  fro*  round  to  round,  as  the 

2  2 
theory  predicts,  75^  will  be  roughly  proportional  to  "o  .**  Consequently, 

a  pseudo  yaw-drag  coefficient  proportional  to  the  true  yaw-drag  coeffi¬ 
cient  may  be  determined  from  a  linear  fit  to  the  measurements  of 

and  '5^.  This  pseudo  yaw-drag  coefficient  should  serve  quite  satisfac¬ 
torily  to  determine  the  correct  value  of  at  zero  yaw,  K^,  the  prime 
objective  of  the  yaw-drag  reduction  in  this  particular  program. 


The  pseudo  yaw-drag  coefficient  is  determined  by  fitting  the  follow¬ 
ing  expression. 


♦  *v  ts 


(2) 


*The  method  described  in  reference  7  was  "customary"  at  the  time  that  the 
data  of  this  report  were  reduced.  For  a  discussion  of  the  methods  in 
current  (1951)  use,  see  reference  8. 

**The  mean  square  yaw  of  the  entire  trajectory  is  strictly  proportional 
to  the  mean  square  yaw  averaged  over  a  period  of  yaw  at  the  start  of  the 
trajectory  only  if  the  damping  rates  of  the  nutational  and  precessional 
components  of4  the  yawing  motion  are  equal  or  if  the  amplitudes  of  the 
two  components  have  a  constant  ratio  from  round  to  round  (in  addition 
to  the  damping  rates  being  constant  from  round  to  round).  In  the  pre¬ 
sent  case,  -  period  of  yaw  is  approximately  15> * ;  furthermore,  experience 
has  shown  that  artillery  shell  launched  from  cannon  ordinarily  start 
their  flight  with  equal  amplitudes  of  nutation  and  precession  and  that 
both  nutational  and  precessional  components  danp  at  nearly  equal  rates. 
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to  the  values 

of 

_2 

and  o^  for  a  particular  group  of  rounds. 

where 

K 

Kp  at  0C  yaw 

*V 

* 

pseudo  yaw-drag  coefficient 

\25 

C 

mean  square  yaw  averaged  over  the  first  15  feet 
of  the  trajectory. 

Since  the  highest  yaws  occurred  in  the  groups  at  the  highest  velo¬ 
city  and  since  the  variation  of  the  yaw-drag  coefficient  over  the  velo¬ 
city  range  covered  has  been  found  in  the  past  to  be  small,  only  the 
groups  near  M  =  2„h  were  used  to  determine  for  each  of  the  five 

types  fired.  Using  the  obtained  in  this  way,  all  the  rounds  were 

reduced  to  zero  yaw  at  their  original  Mach  numbers,  except  for  these 
rounds  of  types  U  and 

The  yaws  obtained  in  the  firings  of  types  U  and  3>  were  too  small 
to  be  suitable  for  the  determination  of  the  yaw-drag  coefficient  with 
any  degree  of  accuracy.  However,  the  s  for  types  U  and  $  were  ex¬ 
trapolated  from  the  values  of  types  1,  2,  and  3«  It  is  believed  that 
any  reasonable  error  incurred  in  extrapolating  the  s  would  not 

change  substantially  the  value  of  for  types  U  and  5  because  the  per¬ 
centage  correction  for  yaw  is  quite  small  in  this  case,  particularly 
so  for  type  $. 


The  analysis  of  results  is  frequently  assisted  if  one  can  find  an 
explicit  relation  between  and  M  that  fits  the  measurements.  One 

would  desire  closely  spaced  measurements  over  the  whole  region  of  Mach 
numbers  involved  to  determine  reliably  the  form  of  the  function  best 
representing  the  data.  In  the  present  case,  there  are  essentially 
measurements  only  at  three  Mach  numbers,  1.7,  2.0,  and  2.U,  so  the 
choice  of  a  function  to  represent  the  measurements  is  somewhat  arbitrary. 
On  the  other  hand,  experience  has  shown  that  the  following  function 
represents  quite  satisfactorily  the  measured  drags  at  supersonic  velo¬ 
cities  of  a  wide  variety  of  projectile  shapes  (see  ref.  9) 2 


where  Q 


a  +  bM 


(3) 


symbol  representing  the  function, 


a,b  «*  constants  depending  on  the  particular  projectile. 


n 


a  and  b  are  determined  far  each  type  by  a  'lease  squares  fit  to  all  the 
values  of  and  M.  If  the  Q  equation  is  solved  for  K^0,  one  obtains 


b 


(W 


fro*  which  it  can  be  seen  that  the  Q  function  is  a  special  case  of  an 
inverse  quadratic  in  M. 

Results 


Effect  of  Mach  Nuaber.  Numerical  results  are  given  in  Tables  II 
through  Vt.  Graphs  of  ts*  M  for  the  five  types  are  shown  in  Figure 

2.  Th"  experimental  points  are  marked  by  symbols;  the  solid  lines 
represent  the  fitted  Q  functions. 

Assuming  that  the  Q  function  correctly  represents  the  data,  it  is 
interesting  to  note  that  the  Mach  number  at  which  the  maximum  value  of 
Kp  occurs,  M  ,  increases  with  increase  in  meplat  diameter.  For  types 

1,  2,  and  3.  M  is  less  than  1.7;  for  type  h,  M  is  near  1.8;  for 
'  max  max 

type  M  is  near  2.3.  The  curve  of  type  5  is  similar  to  that  for  a 

M3JC 

right  circular  cylinder,  otherwise  known  as  a  "proof  slug."  (see  Ref.  10) 


Effect  of  Truncation.  The  graphs  of  K^0  vs  M  for  the  various  types 
are  cross  plotted  in  Figure  3  with  and  the  meplat  area  as  variables 


and  the  Mach  number  as  a  parameter,  thereby  showing  the  change  of 


^0 


with  raeplat  area  at  constant  Mach  number.  As  the  head  length  shortens 
and  the  meplat  area  increases,  the  drag  starts  to  increase  slowly  at 
first  but  with  a  continually  increasing  rate  up  to  a  raeplat  area  of  0.08 
square  calibers.  For  meplat  areas  greater  than  0.08  square  calibers,  the 
graphs  of  Figure  3  indicate  a  remarkable  linearity  of  drag  coefficient 
with  meplat-  area. 


The  present  study  is  entirely  anpirical  in  its  approach  and  no 
attempt  is  made  to  develop  a  theory  predicting  the  aerodynamic  effects 
of  truncation.  On  the  other  hard,  the  experimenter  hopes  to  describe 
the  physical  phenomenon  he  is  studying  as  completely  as  possible,  even 
though  his  empirical  approach  is  circumscribed  by  limited  data.  Further¬ 
more,  the  details  of  airflow  indicated  by  the  wave  patterns  seen  in  the 
spark  photographs  stimulated  the  authors  to  attempt  a  determination  of 
the  pressure  distribution  around  the  projectile.  Of  course,  the  pressure 
cannot  be  determined  directly,  even  from  the  spark  photographs;  the 
wavelets  give  the  Mach  number  but  the  entropy  levels  of  the  various  parts 
of  tne  flow  have  to  be  established  before  tiie  pressure  can  be  computed 
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from  the  Mach  number.  However ,  the  wave  patterns  combined  with  the 
drag  measurements  and  theoretical  studies  of  Maccoll  describing  the 
flow  over  the  meplat  gave  some  promise  of  success. 


Studies  of  head  drag  are  complicated  by  the  effect  of  changes  in 
head  shape  on  the  sKin  friction  and  base  drag.  Now,  the  spark  photo¬ 
graphs  suggested  that  this  difficulty  might  be  avoided  since  the  wave 
pattern  from  the  body  and  base  changed  but  very  little  with  truncation 
of  the  head.  Photographs  of  types  1  and  2  could  be  superimposed  almost 
exactly,  except  for  the  wave  patterns  over  the  heads.  The  driving  band 
wave  did  change  its  gross  shape  a  little  in  going  from  type  1  to  $  but 
measurements  of  the  Mach  number  on  the  body  and  thy  wave  angle  of  the 
band  indicate  that  the  flow  near  the  body  is  nearly  the  same  throughout, 
except  for  possible  changes  in  pressure  level,  pz  is  shewn  by  the  follow¬ 
ing  table*  (see  also  Figure  10) § 


Type 

M3 

%h 

2 

1o73 

U2  1/2' 

3 

1066 

o 

CM 

-3 

k 

1.62 

U3° 

5 

1.66 

hi  1/2 ' 

The  Mach  number,  M^,  was  computed  from  measurements  of  wavelets  a  short 
distance  ahead  of  the  band.  6^  is  the  angle  of  the  shock  wave  from  the 
band  measured  near  the  body. 


J.  W.  Maccoll  has  studied  the  air  flow  around  the  heads  of  several 
types  of  blunt  bodies  at  transonic  and  supersonic  speeds  (see  ref.  11). 
Using  relaxation  methods  he  was  able  to  handle  the  difficult  case  of 
so-called  "mixed'1  flow,  that  is,  flow  with  adjacent  regions  of  subsonic 
and  supersonic  velocities.  In  particular,  he  computed  the  pressure 
distribution  over  the  end  cf  a  right  circular  cylinder,  end  on  to  the 
air  stream,  and  obtained  the  result  that  the  average  pressure  (over  the 
end)  is  proportional  to  the  Rayleigh  stagnation  pressure.  Defining  the 
average  pressure  by 


o 


Maccoll  gives 


■'liv 

IT* 


0.905  p. 


'R 


♦These  measurements  are  probably  accurate  only  to  1/2°  and  0.02  M 
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The  airflow  over  the  meplat  in  our  case  should  be  quite  the  same 
as  that  over  the  cylinder's  end,  the  case  considered  by  Maccoll,  because 
spark  photographs  show  that  the  meplat  and  the  cylinder  end  are  each 
isolated  from  the  body  by  an  extensive  region  of  supersonic  flow. 
Furthermore,  the  flow  over  the  meplat  itself  should  be  reasonably  inde¬ 
pendent  of  Reynolds  number,  that  is,  of  the  size  of  the  meplat.  There 
are  no  regions  of  separated  flow  on  the  meplat  itself  and  the  separated 
flow  around  the  corner  is  isolated  from  the  meplat  since  the  Mach  number 
reaches  unity  at  the  comer  and  the  M  «  1  contour  extends  out  into  the 
flow  normal  to  the  meplat's  face  (also,  the  flow  expands  to  supersonic 
speeds  before  separating  as  shown  by  a  wavelet  attached  to  the  corner); 
the  boundary  layer  could  hardly  affect  the  main  flow;  viscous  effects 
should  be  negligible  for  all  practical  purposes. 

A  comparison  of  the  wave  patterns  around  the  heads  of  types  2  through 
5  is  shown  in  Figure  H.  The  prints  shown  in  this  figure  have  been  en¬ 
larged  fro*  the  original  negatives  so  that  the  meplat  diameters  are  all 
the  same.  A  quick  glance  tells  that  the  patterns  have  almost  the  sane 
shapes  of  shock  waves  and  wavelets,  and  their  similarity  suggests  that 
flow  conditions  around  the  corner  of  the  meplat  and  at  the  beginning  of 
the  cone  are  the  same  for  all  types.  A  critical  examination  of  the  de¬ 
tails  of  the  wave  patterns  tells  quite  a  different  story,  but  this  will 
be  presented  later. 

Adequate  data  are  now  at  hand  for  our  analysis.  The  determination  of 
the  pressure  distribution  is  based  on  the  following: 

(a)  The  variation  of  overall  drag  with  meplat  diameter  is 
given  in  Figure  3. 

(b)  The  base  drag  and  skin  friction  are  assumed  to  be 
constant  for  all  types  and  to  be  independent  of  size. 

(c)  The  flow  over  the  meplat  is  assumed  to  be  invariant 
with  size  and  the  average  pressure  is  assumed  to  be 
proportional  to  the  Rayleigh  stagnation  pressure. 

(d)  The  flow  entering  on  to  the  conical  surface  is  assumed 
to  be  independent  of  the  size  of  the  truncation. 

Assumptions  (a),  (b),  and  (c)  are  believed  to  be  substantially 
correct,  although  (b)  should  be  checked  by  pressure  measurements. 
Assumption  (d)  has  proven  to  be  false  but  the  analysis  following  immed¬ 
iately  will  be  made  using  (d);  the  results  therefrom  will  form  part  of 
the  evidence  proving  (d)  invalid. 

Let  us  consider  a  new  series  of  trunca'ed  cone  projectiles  generated 
from  the  present  series.  The  new  series  will  be  characterized  by  a 
constant  meplat  diameter  for  all  members.  Each  member  will  have  a 


different  diameter  and  length  scaled  from  its  corresponding  number  in 
the  present  series.  A  sketch  of  the  new  series  will  look  like  the  fol¬ 
lowing. 


Let  us  next  resolve  the  drag  of  a  member  of  the  new  series  into 
components  due  to  the  various  elements  of  the  projectile,  as  follows: 

D  -  h  ^  po  Mo2  d2  "  (p8  “  Po}  a  +  j*  (pc  “  po}  dCi 

a 

+  +  ^  po  Mo  d 

where  a  ■  lower  limit  of  integration  »  constant;  the  reduced  meplat 
area  of  type  5 

A  =  upper-  limit  of  integration  »  variable,  ranging  from  the 
reduced  body  cross  section  areas  of  type  5  to  type  3> 

it  2 

and  differentiate  with  respect  to  A  (or  d,  since  A  *  ^  d  ). 

Assumption  (a)  gives 


for  types  similar  to  3,  U,  and  5,  where  a  and  p  are  independent  of  d. 

Assumption  (b)  and  (c)  say  that  p^  ,  and  K^g  are  independent 

of  d.  Hence,  differentiation  with  respect  to  A  gives 
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R  «  y  P0  K2  -  J*  “a3T  dfl/  +  (pc  •  po}A  1  "  (pc  "  Po^a  If 

a 

+  n  ^  Po  Mo2  ^F  + 

9PC 

But  Hainan's  law  of  the  forbidden  signal  says  that  ■  0,  except  for 
the  possibility  of  transmission  through  the  boundary  layer,  which  seems 


unlikely  in  the  present  casej  and  a  ■  constant,  so 
collecting  terms,  we  have 


0.  Therefore, 


(Pc  -  pj  I,  o 

V  »02  (« - -w  -  v 


Our  analysis  announces  that  p  is  constant  over  the  region  of  aon- 

c 

ical  surface  corresponding  to  types  3,  U,  and  5>  since  A  is  the  inde¬ 
pendent  variable.  Furthermore,  the  original  and  differentiated  drag 
equations  determine  both  pc  and  pg  for  the  same  reason,  i.e.,  the 

equation  must  hold  for  all  values  of  A  over  the  range  3  through  5* 
Carrying  out  the  algebra,  we  obtain  for  pg 


Pfi  p< 


Now,  Kpj,  +  is  given  in  terms  of  the  cone  pressure  and  overall  drag 
of  type  1  by 


^F  +  ^B  "  *01  '  H 


P  -  p 
c  *o 


At  M  »  1.65,  Kpj.  ♦  *  0.095j  this  value  agrees  well  with  that  of  a 

similar  cone  -  cylinder  projectile,  the  EL2M3  (see  ref.  12)  *  0.092- 
The  difference  might  well  be  accounted  for  by  the  band  and  small  dif¬ 
ferences  in  Mach  number  and  pressure  at  the  rears  of  the  two  bodies. 

Hence,  the  equation  of  p  becomes 

c 


r  '  r 
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Let  us  now  compute  the  values  of  pc  and  pj^  for  M  ■  1.650: 

o  -  0.1b9  P(/Po  *  Pjj/Pq  b  ii.00 

p  »  0.1*82  -  0.159 

So,  we  obtain 

Pc  Pft 

—  -  1.26,  ~  »  3.10,  K  -  0.78 

po  po 

Two  results  from  our  analysis  appear  to  be  in  conflict  with  pre¬ 
dictions  from  aerodynamic  theory.  First,  a  constant  pressure  over  a 
large  part  of  the  cone  surface  is  difficult  to  explain.  Second,  the 
value  of  the  Maccoll  constant  is  too  low0 

What  would  the  theory  predict  assuming  a  non-viscous,  compressible 
flow  that  did  not  separate  from  the  surface?*  The  pressure  distribution 
along  a  streamline  following  the  contour  is  traced  in  Figure  9j  the 
value  of  the  pressure  ratio,  p/pQ  is  drawn  perpendicular  to  the  stream¬ 
line.  Only  four  points  can  be  determined  numerically:  the  axis  and 
edge  of  the  m4plat,  the  edge  starting  the  cone  surface,  and  the  asympto¬ 
tic  pressure  on  the  cone  surface  given  by  the  pressure  for  a  sharp 
pointed  cone.  The  values  at  these  points  were  computed  for  a  flight 
Mach  number  of  1.62;  a  tentative  pressure  distribution  curve  is  sketched 
in  between  them. 

Returning  now  to  the  experiment,  the  spark  photos  show  that  the 
real  flow  does  not  follow  the  surface  around  the  comer  from  the  meplat 
to  the  cone  but  separates  from  this  surface  for  a  short  distance  (see 
Figure  I*) .  It  turns  more  gradually  around  the  boundary  of  the  separated 
region  than  it  would  around  the  sharp  corner  and  wave  measurements  in¬ 
dicate  that  the  pressure  does  not  f all  to  the  lew  value  (0.0068)  predicted 
by  the  Prandtl-Meyer  expansion.  It  rejoins  the  surface  inclined  thereto 
and  is  turned  around  into  the  surface  direction  by  a  shock.  If  the 
conical  part  extended  back  infinitely  far  and,  were  not  terminated  by  the 
cylinder  of  the  body,  the  flow  would  approach  that  of  a  sharp  pointed 
cone  and  one  would  expect  the  pressure  distribution  to  approach  asympto¬ 
tically  the  pressure  for  a  sharp  pointed  cone. 

As  can  be  seen,  the  pressure  distribution  over  the  conical  surface 
predicted  by  theory  is  far  from  constant.  Furthermore,  the  theoretical 
distribution  makes  it  difficult  to  reconcile  the  drag  measurements  of 


*The  authors  are  indebted  to  J.  Sternberg  for  this  exposition  of  the 
theory. 
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type  2  with  our  previous  analysis  of  types  3,  k,  and  5°  Combining  the 
sketch  of  the  new  series  and  Figure  9  in  our  mind's  eye,  ve  might  pic¬ 
ture  a  rapidly  varying  pressure  distribution  from  the  corner  of  the 
cone  section  to  distance  along  the  surface  corresponding  to  the  reduced 
length  of  the  type  5  headshape,  but  beyond  this  point  a  slowly  varying 
pressure  with  distance  back  along  the  head.  The  lower  limit  of  inte¬ 
gration  in  our  previous  analysis  starts  from  the  reduced  length  of  $ 
since  the  drag  curve  is  not  determined  beyond  type  $;  varying  pressure 
from  the  meplat  to  the  reduced  5  length  is  entirely  consistent  with  our 
analysis.  On  the  other  hand,  were  wo  to  extend  our  analysis  to  head 
lengths  greater  than  the  reduced  length  of  type  3,  the  average  pressure 
might  increase  slightly  beyond  the  type  3  length  due  to  our  slow  varia¬ 
tion,  but  the  drag  of  type  2  should  not  lie  above  the  straight  line 
prediction  based  on  3,  U,  and  5  further  than  the  drag  of  type  3  from 
the  straight  line  prediction  based  on  U  and  Our  measurements  give  a 
value  for  type  2  markedly  greater  than  the  linear  prediction,  and  the 
difference  is  larger  than  can  be  accounted  for  by  the  departures  of  the 
other  types, 

A  detailed  study  of  the  wave  pattern  over  the  head  was  undertaken 
with  the  hope  of  gaining  a  better  insight  into  the  nature  of  the  flow. 

A  series  of  photos  of  each  type  were  selected  at  stations  gxvjufig  as 
small  a  yaw  and  as  close  to  a  common  Mach  number  as  possible.  Measure¬ 
ments  were  made  as  indicated  in  Figure  10  and  the  results  are  shown  in 
the  accomparying  table.*  It  should  be  noted  that  the  wave  angles  are 
hardly  more  accurate  than  a  degree  or  so  despite  the  consistency  of 
certain  groups  of  data.  The  wave  front  was  used,  since  this  part  is 
least  affected  by  optical  distortion,  but,  unfortunately,  it  was  often 
fuzzy  and  always  curved,  making  the  measurement  of  a  tangent  at  one 
point  quite  uncertain. 

An  attempt  was  made  to  determine  the  ratio  of  pressure  on  the  cone 
surface  to  atmospheric  from  the  wave  data,  but  had  to  be  abandoned  since 
computations  of  the  angles  turned  by  the  separated  flew  around  the  cor¬ 
ner  in  rejoining  the  surface  were  inconsistent  with  measurements  of  the 
edge  of  the  separated  region.  The  snock  terminating  the  corner  flow  is 
sharply  curved  near  the  surface  and  this  observation  combined  with  the 
theoretical  predictions  suggests  that  the  Mach  number  decreases  rapidly 
just  beyond  the  point  of  rejoin.  For  example,  referring  to  Figure  10, 
wave  measurements  near  the  center  and  rear  of  the  cone  surface  give  an 
average  Mach  number  of  l.U3>  The  angle  of  the  wave  from  the  cone  surface 

is  22  1/2°,  Using  K0  *  1.U3  and  St,  -  6_  -  22  1/2°,  the  plane  shock 

2  v<2  52 

equations  give  ■  2.-83  and  ■  28°.  However,  our  measured  value  of 


♦The  authors  are  indebted  to  Dr.  B.  G.  Karpov  and  Mr.  W.  Kasper  for 
their  assistance  in  measuring  the  wave  patterns. 
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6C  is  16  and  an  error  of  12°  stems  unlikely.  Using,  now,  ©_  ■  l6C 
2  „  S2 

4,1(1  V  ’  ®S, 


22  1/2  (as  before)  ve  obtain  Mj.  -  2.1*7  and  Mg  -  1.80. 


Thus  a  deceleration  of  the  flew  just  beyond  the  shock  from  Mg  ■  1,80 
(©jj  »  33  1/2°)  to  M 9  ■  1.1*3  (&u  ■  1*1*  1/2°)  would  explain  our  data. 


Of  course,  we  night  use  the  measured  values  of  0.  to  compute  the  stag- 

S2 

nation  pressure  ratio  across  the  shock  but  0-  is  so  poorly  determined 

S2 

that  results  based  on  its  measurement  would  hardly  be  significant. 


A  correct  interpretation  of  wave  and  drag  measurements  appears  to 
be  that  the  separated  flow  arennd  the  corner  of  the  meplat  changes  with 
meplat  diameter,  or,  in  other  words,  depends  on  the  Reynolds  number. 
Difficulties  in  analyzing  the  linear  drag  variation  have  already  been 
pointed  out  and  suggest  that  the  flow  at  the  start  of  the  cone  surface 
is  not  constant  for  all  types  but  varies  with  truncation.  This  evidence 
is  supported  by  measurements  of  the  shock  wave  angle  at  the  surface  at 
the  point  of  rejoin  (see  Figures  1*,  10).  n2  changes  regularly  from 

type  2  to  type  5  by  an  amount  that  is  well  beyond  the  error  of  measure¬ 
ment.  Separated  regions  are  well  known  to  be  subject  to  Reynolds  number 
effects,  and  it  is  not  surprising  that  the  case  in  hand  follows  the 
general  trend. 


Our  previous  analysis  of  pressure  distribution  should  be  revised 
by  leaving  out  assumption  (d)  that  the  flow  entering  the  cone  surface 
is  independent  of  truncation.  Using  Maccoll's  factor.  If  -  0.9  to  deter¬ 
mine  the  average  meplat  pressure,  p*  is  given  by  the  formula 

c 


Pc  Pr 

For  M  -  1.65,  —  *  1.31,  —  ■  1*.00  and  the  values  of  p*/p  for  types  2 
po  *o  c  0 

through  5  are  as  follows. 
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IZES 

h 

l 

0 

0.159 

1.31 

2 

0.021 

0.16U 

1.27 

3 

0.081 

0,188 

1.20 

h 

0.183 

0.237 

1.10 

5 

0.32U 

0.305 

.90 

Hence,  the  average  cone  surface  pressure  appears  to  decrease  alowly 
with  increasing  truncation.  This  conclusion  is  substantiated  by  the 
Ames  measurements. 


Newtonian  Projectile.  Another  feature  of  Figure  3  is  the  con- 
▼ergence  of  the  three  curves  in  the  region  near  a  mlplat  area  of  0.2 
square  calibers,  indicating  that  the  projectile  with  the  corresponding 
miplat  diameter,  0.5  calibers,  should  have  a  very  flat  vs.  M  curve 

over  the  velocity  range  covered  in  this  test  (1.7  to  2.U).  This  pro¬ 
jectile  might  be  called  the  '’Newtonian"  projectile,  since  its  drag 
force  will'  be  closely  proportional  to  the  square  of  the  velocity. 


The  equation  for  the  vs  M  curve  of  the  Newtonian  projectile 

was  deduced  in  the  following  manner.  The  coefficients  a  and  b  of  the 
^-function  were  plotted  against  meplat  area,  the  plot  being  shown  in 
Figure  5.  Both  coefficients  appear  to  be  linear  functions  of  meplat 
area,  and,  although  the  significance  of  this  result  is  not  immediately 
apparent,  it  enables  an  interpolation  to  be  made  for  the  a  and  b  of  the 
Newtonian  shape.  This  procedure  yields 

Q  4l  *  K2  Kjjq  -  .736  *  .337M 


or 


^0 


.llii  + 


•  U96 
“IT 


The  maximum  K^q  is  0.2U8  o 

only  to  0.2U6  at  M  -  1.65  and  to  0o2U2  at  M  ■  2.35,  a  change  of  but 
2%  over  the  test  region. 

Comparison  of  Truncated  Cone  with  Pointed  Cone  Headshape  Projectiles 
Having  the  Same  HeadlengtK^  Practical  considerations  such  as  iUzing 
and  handling  requirements  make  it  desirable  to  have  a  blunt  ended  head- 
shape;  on  the  other  hand,  the  "fashionable"  low  drag  headshape  is  sharp 
pointed,  as  discussed  in  the  introduction.  Consequently,  it  is  of  con¬ 
siderable  practical  importance  to  trie  desig'tr  of  projectiles  and  even 
of  guided  missiles  to  evaluate  the  effect  of  "blunting"  on  drag. 
Truncating  a  sharp  pointed  cone  having  a  fixed  vertex  angle  is  one  way 
of  "blunting"  the  headshape  and  the  results  of  our  tests  give  directly 
the  effect  of  this  kind  of  "blunting"  on  the  drag  of  the  particular 
projectile  studied. 


ccurring  at  M  -  1.8$,  and  K^q  has  decreased 


ro 


Another  class  of  blunt  headshapes  *  one  of  much  practical 
utility  -  is  the  class  having  a  constant  hr-adlength  for  all  its  zm?m- 
bers.  For  a  truncated  cone  family,  the  cone  angle  would  have  to  be 
diminished  with  increase  in  m^nlat  diameter  in  order  to  keep  the  head- 
length  the  same.  Our  tests  do  not  provide  direct  data  for  a  constant 
headlength  family?  yet  they  can  be  extrapolated  to  compare  the  sharp 
pointed  cone  headshapes  having  the  same  headlengths  as  the  truncated 
members  of  our  present  series.  In  other  words,  we  can  compare  two 
members  of  each  of  four  constant  headlength  families  having  the  head- 
lengths  of  our  types  2,  3,  U,  3. 

The  cone  angles  and  estimated  drags  of  the  sharp  pointed  members 
are  given  in  Table  VII  for  Mach  numbers  1.65  and  2»35»  The  drag  co¬ 
efficients  were  computed  by  adding  the  theoretical  cone  drag  to  the 
skin  frictionj  band,  and  base  drag  of  type  1.  By  the  "theoretical 
cone  drag"  one  refers,  of  course,  to  the  theory  of  Taylor  and  Maccoll 
(see  references  3  and  i±) .  The  Kj^'s  of  the  sharp  pointed  members  were 

interpolated  from  tables  given  in  reference  5,  and  graphs  of  vs  G<, 
based  on  these  tables  are  shown  in  Figure  6.  The  K^'s  of  the  trun¬ 
cated  cone  projectiles  were  computed  from  their  Q  functions. 


One  might  question  the  assumption  implied  in  the  drag  estimates 
that  the  base  pressure  dons  not  change  as  the  angle  of  the  conical  head 
is  varied.  Now,  measurements  of  base  pressure  for  cylindrical,  square 
based  bodies  with  well  developed  turbulent  boundary  layers  can  be  repre¬ 
sented  to  first  order  by  a  single  curve  giving  the  ratio  of  base  pressure 
to  side  pressure  (on  the  body)  as  a  function  of  the  side  Mach  number 
(on  the  body).*  The  pressure  and  Mach  number  on  the  side  of  the  body 
are  determined  on  the  body  adjacent  to  the  base;,  In  other  words,  the 
base  pressure  of  the  class  of  projectiles  being  studied  here  is  a  function 
of  the  pressure  and  Mach  number  at  the  end  of  the  body  but  does  not  de¬ 
pend  upon  the  particular  condition  of  flow  over  the  head  giving  rise  to 
the  body  pressure  and  Mach  number  near  the  base. 


Fortunately,  the  computations  of  flow  over  the  bocfjr  that  we  need 
for  our  base  pressure  determination  are  available  in  ref.  13.  Graphs 
of  the  pressure  ratio  and  Mach  number  on  the  body  at  the  base  plotted 
against  the  semi-vertex  angle  of  the  cone  head  for  1.3,  2.0,  and  3.0 
flight  Mach  numbers  are  shown  in  Figure  11.  One  is  struck  at  once  by 
the  result  that  and  are  nearly  independent  of  cone  angle?  conse¬ 


quently,  Pg  should  also  be  nearly  invariant  with  cone  angle.  The  most 
extreme  change  in  is  #?  the  largest-  variation  in 


will  change 


*The  authors  are  indebted  to  D.  Chapman  of  the  Ames  Aeronautical  Labora¬ 
tory  and  J.  Sternberg  of  the  Ballistic  Research  Laloratories  for 
making  available  their  studies  and  measurements  of  base  pressure  for 
use  in  this  report. 


Pg/p^  by  only  S$  (see  Figure  2,  reference 

Since  the  base  drag  is  50$  or  less  in  the 
should  not  change  by  more  than  2-1/2$  for 
headshapes.  Therefore,  the  use  of  ICp  of 


12,  with  corrected  to  P^)0 

present  case,  the  total  drag 
the  complete  excursion  of  cone 
type  1  seems  justified  to 


compute  the  drags  of  the  sharp  pointed  family  and  should  give  results 
correct  to  a  few  percent. 


The  drags  of  the  pointed  and  truncated  families  are  compared  at 
Mach  number  1.65  in  Figure  7  and  at  Mach  number  2.35  in  Figure  8.  The 
values  of  the  measured  and  estimated  drags  are  plotted  in  these  figures 
and  smooth  curres  are  faired  through  the  points.  At  Mach  number  1.65 
the  truncated  head  has  a  lower  drag  than  the  pointed  head  for  all  the 
headlengths,  corresponding  to  types  2  through  5*  At  Mach  number  2.35> 
the  truncated  head  has  a  lower  drag  than  the  pointed  head  only  for  the 
longer  headlengths  of  types  2  and  3j  the  curres  crossing  near  the  head- 
length  corresponding  to  a  meplat  diameter  of  O.U  caliber. 

The  noteworthy  result  shown  by  Figures  7  and  8  is  the  reduction  in 
drag  realized  when  one  goes  from  a  pointed  to  a  truncated  headshape. 

Of  course,  it  should  be  remembered  that  the  comparison  between  the  two 
headshapes  depends  on  the  accuracy  of  our  drag  estimates  fof  the  pointed 
projectiles  and  further  tests  are  actually  required  to  put  the  compari¬ 
son  on  a  firm  basis.  However,  it  does  suggest  that  the  optimum  head  for 
lowest  drag  with  the  headlength  fixed  may  well  be  blunt.  Also,  the 
improvement  in  drag  with  blunting  appears  to  be  greater  at  low  supersonic 
Mach  numbers  than  at  high. 


The  attractiveness  of  a  somewhat  blunt  headshape  wppears  as  a  re¬ 
sult  from  both  the  Gottingen  and  Ames  tests.  In  fact,  enough  data  are 
now  at  hand  to  establish  with  reasonable  certainty  that  some  blunting 
of  the  headshape  will  not  increase  the  drag  provided  the  length  of  the 
head  is  held  and  may  even  reduce  the  drag.  There  remains  the  question, 
of  course,  of  the  optimum  shape  for  least  drag,  even  though  the  shape 
be  a  blunt  one,  which  the  data  in  this  report  leaves  quite  unanswered. 

The  Gottingen  tests  indicate  that  a  head  terminated  with/a  spherical  cap 
may  have  lower  drag  than  one  truncated  abruptly  with  a  meplat,  but  the 
data  are  too  meager  to  support  any  general  conclusion.  However,  just 
the  fact  that  some  blunting  of  the  head  is  possible  without  incurring  a 
drag  penalty  is  important  to  the  design  of  projectiles  and  missiles,  and 
may  even  give  some  comfort  to  those  who  cope  with  such  practical  problems 
as  fuzing,  loading  mechanisms^  or  radar  guidance  systans. 


Conclusions 

(1)  The  drag  functions  of  all  of  the  projectile  types  could  be 
represented  satisfactorily  by  function  of  the  type 

\|  1  ♦  M2  KpQ  -  a  ♦  bM 


?2 


(2)  The  drag  coefficient  increased  monotonically  with  truncation 
over  the  range  tested,,  It  varied  ]  inear ly  with  meplat  area  for  types 
3,  H,  and  $. 

(3)  The  flow  leaving  the  meplat  separates  from  the  surface  but 
rejoins  the  conical  part  of  the  head  a  short  distance  from  the  comer. 
The  properties  of  the  flow  associated  with  this  separated  region  appear 
to  change  with  Reynolds  number. 

(It)  The  average  pressure  on  the  conical  surface  appears  to  de¬ 
crease  monotonically  with  increase  in  meplat  diameter. 

(5)  Analysis  of  the  drag  functions  suggests  that  the  drag  coef¬ 
ficient  of  a  type  lying  between  types  It  and  5  having  a  1/2  caliber 
meplat  diameter  will  be  constant  over  the  range  of  Mach  number  1.7  to 
2.U. 

(6)  The  drags  of  the  truncated  cone  headshape  projectiles  are 
estimated  to  be  lower  than  the  drags  of  similar  pointed  cone  headshape 
projectiles  having  the  same  headlength  for  all  types  at  1.6$M  and  for 
types  2  and  3  at  2.35M.  This  result  suggests  that  some  "blunting"  of 
the  headshape  may  reduce  the  drag  for  a  projectile  having  a  fixed  head- 
length. 


^  C.  flbdw- 

A.  C.  Charters 
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Figure  4.  Head  wave  patterns  for  truncated  cone  projectiles 
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